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The iron apatite mineralizations of northern Sweden are mainly situated in 
supracrustal rocks and are thought to have formed during approximately the 
same time as the major plutonic suites in northern Sweden. In this thesis the 
Malmberget iron apatite ore deposit have been compared to the Kiruna iron 
apatite ore deposit to see whether the role of hydrothermal processes are 
different between the two ore districts. Also, since it has proven problematic 
to distinguish between the different mafic and ultramafic members of the 
major plutonic suites in northern Sweden (i.e. the Haparanda suite (1.94-1.85 
Ga), the Perthite-monzonite suite (PMS) (1.87 Ga) and the Edefors suite 
(1.80-1.79 Ga)), a second goal is to trace the distribution and distinguish 
between these suites. Major elements, REE and trace elements have been 
studied along with polished sections from the ores and oxygen isotopes of 
magnetites from the ore districts to trace the ore formation process and 
separate between suites. 

All ore districts display a close similarity in geochemistry between host rocks 
and magnetites, especially regarding the REE pattern. Oxygen isotopes show 
that samples from the Kiruna district plot exclusively at positive δ18O-values 
with the majority of them at values < 1‰. Samples from the Malmberget 
district display δ18O-values either close to the igenous range or at slightly 
negative values. However, samples that display very low or negative δ18O-
values show signs of either high temperature hydrothermal alteration, 
oxidation or crustal contamination. The δ18O composition along with textural 
observations from the polished sections and geochemistry, points towards a 
magmatic origin for these deposits. No apparent evidence has been found to 
support a primary ore formation by hydrothermal process in any of the 
districts studied.  

Regarding the suites, normalized spider plot patterns of REEs and trace 
elements served as a basis for subdivision into groups by similarities in key 
identification parameters. Several patterns are characterized by a pronounced 
Eu-trough while the middle- to HREEs display a rather flat trend, criteria that 
are related to rocks from the Haparanda suite, while samples with positive Eu-
anomaly (Eu/Eu* > 1) and a nearly flat trend from La to Pr with a marked 
positive peak at Sr and generally less enriched in LILE, are consistent with the 
Edefors suite. Also, the Edefors suite generally display low concentrations of 
both Th and U but are somewhat enriched in Sr with relation to Pr. No distinct 
geochemical features could help to separate between the Haparanda and the 
PMS suites. 
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Abstract 

The iron apatite mineralizations of northern Sweden are mainly situated in supracrustal rocks and are 

thought to have formed during approximately the same time as the major plutonic suites in northern 

Sweden. In this thesis the Malmberget iron apatite ore deposit have been compared to the Kiruna iron 

apatite ore deposit to see whether the role of hydrothermal processes are different between the two ore 

districts. Also, since it has proven problematic to distinguish between the different mafic and ultramafic 

members of the major plutonic suites in northern Sweden (i.e. the Haparanda suite (1.94-1.85 Ga), the 

Perthite-monzonite suite (PMS) (1.87 Ga) and the Edefors suite (1.80-1.79 Ga)), a second goal is to 

trace the distribution and distinguish between these suites. Major elements, REE and trace elements 

have been studied along with polished sections from the ores and oxygen isotopes of magnetites from 

the ore districts to trace the ore formation process and separate between suites. 

All ore districts display a close similarity in geochemistry between host rocks and magnetites, especially 

regarding the REE pattern. Oxygen isotopes show that samples from the Kiruna district plot exclusively 

at positive δ18O-values with the majority of them at values < 1‰. Samples from the Malmberget district 

display δ18O-values either close to the igenous range or at slightly negative values. However, samples 

that display very low or negative δ18O-values show signs of either high temperature hydrothermal 

alteration, oxidation or crustal contamination. The δ18O composition along with textural observations 

from the polished sections and geochemistry, points towards a magmatic origin for these deposits. No 

apparent evidence has been found to support a primary ore formation by hydrothermal process in any of 

the districts studied.  

Regarding the suites, normalized spider plot patterns of REEs and trace elements served as a basis for 

subdivision into groups by similarities in key identification parameters. Several patterns are 

characterized by a pronounced Eu-trough while the middle- to HREEs display a rather flat trend, criteria 

that are related to rocks from the Haparanda suite, while samples with positive Eu-anomaly (Eu/Eu* > 

1) and a nearly flat trend from La to Pr with a marked positive peak at Sr and generally less enriched in 

LILE, are consistent with the Edefors suite. Also, the Edefors suite generally display low concentrations 

of both Th and U but are somewhat enriched in Sr with relation to Pr. No distinct geochemical features 

could help to separate between the Haparanda and the PMS suites. 
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Sammanfattning på Svenska 

Järn-apatit mineraliseringarna i Norra Sverige är främst koncentrerade till suprakrustala bergarter och 

är i huvudsak samtida med de dominerande plutoniska bergartssviterna i norra Sverige (dvs. 

Haparandasviten (1.94-1.85 Ga), Pertit-monzonitsviten (PMS) (1.87 Ga) och Edeforssviten (1.80-1.79 

Ga). I denna studie har järn-apatit mineraliseringen vid Malmberget jämförts med järn-apatit 

mineraliseringen vid Kiruna för att se om rollen hos de hydrotermala vätskorna skiljer sig mellan dessa 

områden. Sällsynta jordartsmetaller (REE) från malmprover och värdbergarter har studerats tillsammans 

med polerprov från malmerna och syreisotopdata från magnetitprover med ursprung i dessa (Kiruna och 

Malmberget) och närliggande malmdistrikt med syfte att spåra malmbildningsprocessen. Dessutom har 

geokemi, då främst sällsynta jordartsmetaller (REE) och spårelement studerats för att spåra och separera 

mellan de tre dominerande mafiska/ultramafiska sviterna i norra Sverige.  

Samtliga malmdistrikt uppvisar en betydande affinitet mellan värdbergarter och magnetitprover då 

geokemin jämförs, särskilt beträffande kurvorna hos de sällsynta jordartsmetallerna (REEs). 

Kirunadistriktet uppvisar uteslutande positiva δ18O-värden där majoriteten av dessa ligger över 1‰. 

Magnetitprover från Malmberget ger δ18O-värden antingen i närheten av det magmatiska spannet eller 

värden som ligger strax under noll. Prover som har negativa eller mycket låga δ18O-värden visar 

indikationer på antingen hög-temperatur hydrotermal omvandling, oxidation eller kontaminering av 

krustala bergarter. δ18O-värden hos prover som undersökts i denna studie, tillsammans med texturella 

observationer från polerprov och geokemi pekar mot en magmatisk bildning för dessa malmer. Inget 

tydligt bevis har påfunnits som skulle styrka en primär malmbildning av hydrotermala processer i något 

utav de distrikt som studerats. 

Beträffande sviterna, så utgjorde normaliserade mönster i spindeldiagram över REE och spårelement 

grunden till indelning i grupper. Ett flertal av dessa mönster karaktäriseras av en tydlig negativ Eu-

anomali medan de centrala- till de tunga sällsynta jordartsmetallerna (middle- to HREEs) uppvisar en 

relativt plan trend, ett kriterium som kan relateras till bergarter tillhörandes Haparandasviten. Prover 

med positiv Eu-anomali (Eu/Eu* > 1), en plan trend mellan La och Pr med en kraftigt positiv topp i Sr 

väl med bergarter från Edeforssviten. Dessutom påvisar prover från Edeforssviten en låg koncentration 

av såväl Th som U, dock är de någorlunda anrikade på Sr jämfört med Pr. Inget distinkt geokemisk 

särdrag kunde på likvärdigt sätt bidra till separationen mellan Haparanda och PMS sviten. 

 

 

 

Nyckelord: Sällsynta jordartsmetaller, spårelement, syreisotoper, järn-apatit mineralisering, 

Haparanda,sviten, Edefors sviten, Perthit-monzonit sviten. 
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Introduction	
This master thesis has been divided into two parts. The first part will focus on the ore genesis 

and the role of hydrothermal fluids in the Kiruna and Malmberget iron-apatite ore deposit. 

The hypothesis is that the role of hydrothermal fluids is different in the Malmberget ore 

deposit compared to the Kiruna ore deposit since the Malmberget deposits has been subjected 

to metamorphism, deformation and intrusion of granitic rocks, unlike the Kiruna ore deposit. 

To reach the goal, polished sections from each ore district describing textures and opaque 

minerals have been studied to aid the interpretation of ore formation. Major elements, REEs 

and trace elements of whole rocks from the iron-apatite ores and from the host rocks of 

Kiruna and Malmberget and nearby deposits have been compared to investigate differences in 

the ore formation. Additionally, oxygen isotopes from magnetites from the Malmberget and 

Kiruna ore-bodies have been used to trace the process of ore formation.  

The aim of the other part is to classify and map the distribution of mafic and ultramafic rocks 

of different suites (e.g. the Haparanda, Edefors and Perthite-Monzonite suites) in Northern 

Sweden. To trace the distribution of mafic and ultramafic rocks within these different suites, 

primarily REE and trace elements have been used to discriminate between the different mafic 

and ultramafic constituents of the dominating rock suites in northern Sweden and the 

hypothesis was that the distribution of these rock units can be traced by REE-geochemistry. 

This part is of key interest for the ongoing bedrock mapping since it has proven difficult to 

discriminate between different suites of mafic and ultramafic rocks in the field. 
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1.	Introduction	
The genesis of the iron apatite ores of northern Sweden has been discussed for nearly a 

century, but no firm conclusion has so far been established. The major discrepancies between 

the theories are whether the ore deposits were formed through magmatic or hydrothermal 

activities. In this thesis the Malmberget iron apatite ore deposit will be compared to the 

Kiruna district along with similar ore deposits of northern Sweden to test if the role of 

hydrothermal fluids is different within the Malmberget district compared to the Kiruna district 

due to the metamorphism and deformation affecting the rocks within the Malmberget district 

unlike the less affected rocks of the Kiruna district (Bergman et al. 2001; Lund & Martinsson, 

2013).  

To reach the goal, REEs and trace elements of whole rocks from the iron-apatite ores of 

Kiruna and Malmberget will be compared to investigate differences in the ore formation. 

Textures and opaque minerals will be studied from each sample to further aid the 

interpretation of the ore formation from each district. Additionally, oxygen isotopes from 

magnetite from the Malmberget and Kiruna ore-bodies will be presented to trace the process 

of ore formation. The samples are from the Kiruna, Malmberget and Svappavaara ore districts 

and are donated by the Geological Survey of Sweden (SGU). 

1.1	Geological	background	
The Kiruna iron ore types in northern (and to some extent, central) Sweden are situated in 

paleoproterozoic rocks of Precambrian age. The bedrock in these parts is mainly constituted 

by shallow and deep seated rocks of which syenites to syenite-porphyrites are the most 

abundant (Geijer, 1910). The type mineralization is primarily concentrated in alkaline to calc-

alkaline acidic volcanics ranging from andesites to rhyolites in which the ore forms large disk 

like bodies that, depending on the vertical level, may feature impregnations and vein systems 

(Frietsch & Perdahl, 1995).  

The ores are often stratabound, although the iron ores can be seen to cut across contacts, 

especially in areas where the ores are extending out as lenses into the host rocks (Loberg & 

Horndahl, 1983). The systems are monomineralic and the deposits are generally coeval with 

the host rocks and have been described as a sub-type of Iron Oxide Copper-Gold (IOCG) 

deposit or iron oxide (Cu-U-Au-REE) deposits (Hitzman et al. 1992; Groves et al. 2010). 

Examples of such iron oxide in Sweden form the Kiruna sub-type, such as Kirunavaara, 

Lousavaara, Rektorn, Henry and the Gällivare-Malmberget district, all situated in northern 
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1.2.1	Stratigraphy	and	host	rocks	
The bedrock of the Kiruna Field becomes progressively younger to the east. The area is 

mainly dominated by a sequence of sedimentary, volcanic and volcaniclastic rocks (fig. 1.2.1) 

(Geijer, 1910; Parák, 1975; Romer et al. 1994). The Kiruna greenstones and the Kurravaara 

conglomerate comprise the lowermost part of the stratigraphy and rest discordantly upon the 

Archaean basement (Parák, 1975; Romer et al. 1994). Within the conglomerate are fragments 

of the overlying keratophyre (to quartz-keratophyre) suggesting that the deposition occurred 

prior to- or contemporary with the erosion of the underlying unit. The disk-like ore bodies of 

Kirunavaara, Loussavaara and Loussajärvi are emplaced within the keratophyre unit (Parák, 

1975). These mafic to felsic extrusive rocks also referred to by Geijer (1910) as syenite 

porphyrites, generally have alkali contents of 8-9.5%, are in some parts enriched in iron 

(Romer et al. 1994) and constrain the lower part of the Kiruna porphyries. The upper part of 

the Kiruna porphyries and Lower Hauki formation (partly illustrated as the Porphyry group in 

fig. 1.2.1) is constituted by a volcano-sedimentary belt which approximately follows the 

succession; quartz keratophyre or quartz porphyry, Per Geijer ores, quartz-banded ore, 

syenite-porphyry (Hauki type) and silicified felsic tuffs with intercalations rich in hematite. 

The overlying greywackes, phyllites and Vakko sandstones with conglomerates constitute the 

Upper Hauki formation. The Per Gejer ore horizon includes the Rektorn, Haukivaara, 

Nukutusvaara, Lappmalmen and Henry deposits and is confined to the Lower Hauki 

formation (Geijer, 1910; Parák, 1975; Romer et al. 1994).  
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1.2.2	Ore‐features	of	the	Kiruna	district	
From the stratigraphic emplacement described in the previous section and the content of 

phosphorous, the iron ores in the Kiruna district are commonly divided into two main units. 

The first is comprised of the Kirunavaara and Luossavaara magnetite dominated deposits 

which have an average phosphorous content of less than one percent. The second group 

includes a number of smaller deposits which altogether are termed the “Per Geijer Ores”. 

These deposits generally have a phosphorous content between 3 to 5 percent and are overlain 

by the Lower Hauki formation (Romer et al. 1994). 

The Per Geijer deposits contain both magnetite and hematite ores and the concentration of 

apatite varies between 15 to 20 vol% regardless of the dominating iron ore. In some deposits, 

such as the Lappmalmen ore, an interlayering transitional gradation from more apatite rich 

layers to quartz banded ores has been noted on a cm-scale. Generally, hematite is more coarse 

grained than magnetite within the Per Geijer deposits and the size varies between 0.02 to 0.10 

mm. Martitization at or close to grain boundaries has been observed in samples from Rektorn, 

Haukivaara and Lappmalmen (Parák, 1975).  

For the Kirunavaara and Luossavaara deposits, magnetite is the dominating mineral. 

However, hematite also occurs but in lower quantities. Martitization has not been reported to 

have occurred within these ores with the exception of one area found at the southern parts of 

the Kirunavaara deposit described by Geijer, 1910. Often the boundary between the apatite 

rich ores and the apatite poor ores are found to be sharp. The textures within the apatite rich 

ores varies between being banded or laminated, skeletal or only spotted with apatite (Parák, 

1975).  

Generally, the iron ores from the Kiruna district show a marked LREE enrichment compared 

to the HREE. The overall content of REE in the magnetites is often less than 100 ppm’s and a 

general connection is noticeable between the REE distribution of the ores and the associated 

host rocks (Frietsch & Perdahl, 1995), although the REE concentration in the volcanic and 

metavolcanic rocks of the Porphyry group has been found to be approximately between 2 to 5 

times higher than within the magnetite. The same pattern is also evident for the REE content 

in apatites. These too follow the same distribution as in the host rocks, although the 

concentration of REE within the apatites is higher, generally between 2000 to 7000 ppm. It 

has also been noted that the content of and partition between the REE’s is very similar 

between apatites from Per Geijer deposits (e.g. Rektorn) and Kirunavaara (Parák, 1973; 
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Frietsch & Perdahl, 1995). Another common feature for both magnetites and apatites from the 

Kiruna district is a Eu-trough (Frietsch & Perdahl, 1995). 

Oxygen isotope composition from the Kiruna district has been presented by Nyström et al. 

(2008), where the δ18O for magnetites with obvious magmatic textures ranged between -0.2‰ 

to +2.2‰. By excluding samples that were partly oxidized the mean value was found to be 

1.5±0.7‰. The moderate to strongly oxidized Per Geijer deposit displayed the low values, 

ranging between near zero to slightly negative δ18O-values. However, the lowest value (-

3.3‰) was from a foliated ore rich in secondary ankerite and quartz sampled from the 

Rektorn deposit (Nyström et al. 2008). 

1.3	The	Svappavaara	district	
The Svappavaara district is thought to be one of the oldest mining districts in the county of 

Norrbotten and was during the start primarily mined for copper ore. Both the copper ore and 

the iron-apatite at Gruvberget was found during the mid-1700:th century while the iron-

apatite ores at Leveäniemi and Tansari was found approximately 200 years later (Frietsch, 

1980). Supracrustal and intrusive rocks share about equal proportions of the areal extent in the 

Svapparavaara district; however, the orebodies are confined to the supracrustal rocks 

(Frietsch, 1980). The supracrustal rocks within the area sort mainly to either the Greenstone 

or the Phorphyry group while the schist-conglomerate group constitutes only a minor part of 

the area (Frietsch, 1980). 

The iron-apatite ore bodies in the Svappavaara district (Gruvberget, Leveäniemi and Tansari) 

are situtade within trachytes of the Phorphyry group and they are located in a central part of 

synforms (Frietsch, 1980). Gruvberget is a tabular ore body, about 1.3 km long and up to 65 

m wide, the strike is nearly N-S and it is situated approximately 3 km west of the Svappavaara 

village (Frietsch, 1980). The Leveäniemi ore deposit consist of several outstretched and 

irregular ore bodies situated in a semi-circular pattern. The structure is approximately 1.5 km 

long and nearly 600 m wide (Eriksson & Hallgren, 1975) being the third largest iron apatite 

ore in the county of Norrbotten (Grigull & Jönberger, 2013). 

1.3.1	Stratigraphy	and	host	rocks	
Four major units dominate the area of the Svappavaara districts stratigraphic column. The 

oldest rocks belong to the upper part of the Vittangi greenstone group (Grigull & Jönberger, 

2013). ). Mainly quartzitic limestones, but also biotite schist and arkoses rest unconformably 

on top of the Greenstone group in the eastern part of the district. These metasedimentary units 
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from both the Kiruna and the Malmberget districts, although protolith ages for the same group 

has also been reported to be younger, at about 1.91-1.88 Ga (Grigull & Jönberger, 2013). 

1.3.2	Ore	characteristics	of	the	Svappavaara	district	
The northern part of the Gruvberget ore deposit consists mainly of magnetite ore with only 

small amounts of hematite. However, the southern parts of the ore body are more hematite 

rich and the magnetite passes gradually into hematite when progressing towards the south. 

The hematite is formed due to oxidation of the magnetite (Frietsch, 1980). The primary 

gangue minerals are apatite, calcite and actinolite. A large crush-zone borders the ore body in 

the hanging wall resulting in a fragment bearing zone close to the ore in where hematite, 

sericite schist, chorite and quartz dominates (Frietsch, 1980). Additionally, this zone has been 

subjected to intensive weathering by percolating meteoric water down to approximately 200 

m depth resulting leaching of the softened ore (Frietsch, 1980). The footwall is dominated by 

an ore breccia, approximately 70 m in with, where veinlets of magnetite and hematite are 

common (Frietsch, 1980). 

The average grade of the magnetite dominated ore is 56.5% iron and 1.1% phosphorous 

(Frietsch, 1980). The hematite ore are slightly less rich in both iron and phosphorous, 

averages about 55.4% Fe and 0.86% P, however, the weathered and softened hematite ore in 

the hanging wall are slightly enriched in iron (averages approximately 66.6% Fe and 0.65% 

P) (Frietsch, 1980). Down to a depth of just over 300 m the Gruvberget deposit is estimated to 

contain approximately 75 Mt of iron ore, with an average grade of 40.9% Fe and 0.65% P 

(Frietsch, 1980).  

Scapolitization are common within the Svappavaara ore districts and mainly affects the 

volcanic and magmatic mafic rocks (Grigull & Jönberger, 2013; and references therein). By 

introducing large amounts of chlorine and minor amounts of CO2 and SO3, plagioclase and 

hornblende has been replaced (Grigull & Jönberger, 2013). There are also a strong connection 

between the scapolitization and the copper mineralizations of the Svappavaara district. The 

scapolitization is thought to be connected to the intrusion of the Lina suite (Grigull & 

Jönberger, 2013; and references therein). 
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1.4.1	Stratigraphy	and	host	rocks	
The dominant host rocks within the Malmberget district are metavolcanics, specifically 

leptites. These mafic metavolcanics have been intruded by younger granites and associated 

pegmatites. The area has been metamorphosed to amphibolite grade, unlike the Kiruna district 

where the metamorphism seems to have been less intense (Cliff et al. 1990). Amygdales filled 

with hornblende, diopside, titanite and magnetite can be seen within the leptite thereby 

indicating an extrusive origin; a primary feature similar to the Kiruna porphyries (Debras, 

2010). However, the porphyritic texture has only been found within the more felsic 

components. Even so, the volcanic rocks within the Malmberget district have been interpreted 

as metamorphic equivalents to the volcanic rocks embedding the iron-apatite deposits in the 

Kiruna district (Skiöld & Cliff, 1984; and references therein). The main WNW trending 

compressional event affecting the Kiruna Porphyry lithology of the area has been dated to 

1.85 to 1.80 Ma. (Debras, 2010; and references therein). 

As evident from figure 1.4.1, the host rock of the magnetite and/or hematite dominated ores 

varies between metavolcanics (mainly leptites) to sillimanite gneisses. Some of the border 

zones to the ores are constituted by skarn which has been interpreted as forming coeval with 

the deposition of the ores (Geijer, 1930). However, according to Romer (1996) this could 

equally well reflect the redistribution of elements during metamorphism. Moderate 

scaplotitization has introduced relatively large quantites of chlorine, in contrast to the less 

altered Kiruna district (Parák, 1973). 

1.4.2	Ore	characteristics	of	the	Malmberget	district	
Generally, the iron ores within the Malmberget area contain coarse magnetite while the 

proportions of apatite vary throughout the ores. Locally, hematite rich assemblages can be 

found (Romer, 1996). Several stilbite bearing fractures have been found between the 

magnetite ores and their host rocks within the Malmberget district and have been dated to 

1740-1613 Ma (Romer, 1996). Similar fractures can be seen at Svappavaara (Romer, 1996). 

Indication of brittle deformation can be seen in relation to the ores in the form of ore breccias. 

Skarn breccias are especially concentrated along the margins of the bodies and extend into 

post-metamorphic fractures and veins, often confined to the footwall of the ore-body (Romer, 

1996) 

The REE patterns of the Malmberget apatites are similar to the Kirunavaara apatites in many 

aspects, i.e. negative Eu/Eu* values, weakly fractionated and also a slight La-depletion. 

However, the hematite of the Malmberget district contain less REE’s and does not show a 



17 
 

negative Eu-anomaly, features that may be explained by hydrothermal alteration of magnetite 

to hematite and thereby changing the REE-pattern in the mineral (Frietsch & Perdahl, 1995; 

and references therein). The REE content in magnetites of the Malmberget group also share 

similarities with the REE content of the magnetites from the Kirunavaara deposit (with the 

general feature valid for both areas) and the REE distribution is very similar to the host rocks. 

The overall REE content within magnetites are lower than the apatites from the same area, 

although compared to magnetites from other iron type deposits in Sweden, the magnetites in 

Kiruna type deposits (Kiruna district and Malmberget district) often show the highest content 

of REE (Frietsch & Perdahl, 1995). 

1.5	Ore	genesis	of	Kiruna	type	deposits	
In 1910, Geijer proposed a magmatic origin for the Kiruna type deposits based on several 

factors, among these the primary arguments were that all of the constituents within the ore-

bodies are also found in the surrounding igneous rocks as primary constituents. Furthermore, 

the skeletal texture found within the magnetite is also an indication for a magmatic origin 

(Geijer, 1910). Among others, Frietsch (1973;1978), Frietsch & Perdahl (1995) supported this 

hypothesis and concluded that the Kiruna iron ores were a part of the same magmatic system 

that formed the surrounding volcanic host rocks, based on the similarities in the REE pattern 

between the apatites, magnetites and their host rocks, and that the ores were formed as the 

latest phase of the magmatic activity (Frietsch & Perdahl, 1995). Extensive metasomatism is 

then responsible for the alteration that formed quartz, sericite and calcite and the formation of 

hematite from magnetite. The metasomatism would be a late event, most likely contemporary 

with the formation of the phosphorous rich ores (Frietsch, 1973). The Hauki hematite ores 

would represent the last stage of ore formation and would have been deposited during a 

hydrothermal stage (Frietsch, 1978) 

Several ore textures within the Kiruna iron ores also indicate a magmatic origin, among these 

are the dendritic or skeletal patterns, thin tabular pyroxene crystal indicating flow in a 

consolidating magma and columnar development of magnetite which may occur due to rapid 

cooling of the system (Nyström, 1985). Also, Nyström explains the cross-bedding and graded-

bedding presented by Parák (1975) as igneous sedimentary features (Nyström, 1985).  

The magmatic processes responsible for these types of deposits would thus be considered 

orthomagmatic such as magmatic crystallization, segregation (liquid immiscibility) and 
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exsolution of magmatic fluids (Geijer, 1910; Frietsch, 1978; Nyström, 1985; Nyström et al. 

2008) 

The other theory for the formation of Kiruna type ores is presented by Parák (1975) in where 

he proposes exhalative-sedimentary processes for the formation of the apatite ores. The 

deposition of the ores would then be primarily chemical (leaching, transportation and 

precipitation) and sedimentation processes (mechanical sedimentation) would only have 

played a minor role. The leaching of surrounding bedrock would then also explain the high 

contents of phosphorus in certain ores. The continuous upward gradation from the apatite 

banded ore into quartz banded ore is also considered to be an indication of sedimentation. 

Parák also states that the ore breccias are not analogous to the ores at the Kiruna field but 

instead that they are primary mineralization that has been redirected into a fracture system, 

and should therefore not be interpreted as a forceful injection of ore (Parák. 1975). 

According to Romer et al. (1994), there is still little consensus on how these deposits actually 

formed. Contrasting modes of formation between deposits within the same districts have also 

been proposed, for example; Geijer & Ödman (1978) suggested that the Per Geijer deposits 

within the Kiruna field are exhalative while the Kirunavaara and Luossavaara deposits 

emplaced among stratigraphically lower units are intrusive (Romer et al. 1994; and references 

therein). 

1.6	Other	Kiruna	type	deposits	in	Sweden	
This section will only cover the iron-apatite mineralization needed for comparison in this 

thesis.  

1.6.1	The	Grängesberg	Mining	District	
The Grängesberg district is located in northwestern Bergslagen (south-central Sweden). The 

apatite-iron ore is situated in metavolcanics, primarily andesites, dacites and rhyolites. The 

volcanics in the area have been dated to 1.91-1.89 Ga. On both sides of the ore-body a pre-

tectonic granitic intrusion can be found, dated to be 1.85 Ga, carrying xenoliths from the iron 

ores in the area, thus, the ore-body pre-dates the intrusion (Frietsch, 1982; Weis, 2013). 

Similar to the ore-bodies in the Kiruna and Malmberget districts the Grängesberg ore occurs 

as lens-shaped bodies as well as disseminate and in veins penetrating the host rocks (Weiz, 

2013; and references therein). The main ore field is comprised of about 20% hematite while 

the rest of the iron oxides occur as magnetite. Phyllosilicates and hydrated amphibole-rich 
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assemblages constitute the alteration zones, furthermore, some skarn alteration and silicate 

minerals are also present (Weis, 2013; and references therein).  

The Blötberget apatite-iron oxide deposit is situated just north of the Grängesberg region 

close to the Ludvika area. Since the deposit is situated in proximity to the Grängesberg 

deposits and within the same lithology it is often included in the Grängesberg district. Grades 

vary between the different ore fields in the Bergslagen region, however, for Grängesberg and 

Blötberget they generally range from 58% to 60% Fe (Ripa & Kübler, 2003).  
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2.	Stable	isotope	geochemistry‐	the	basics	
Generally, heavy isotopes favor chemical compounds with the strongest bonds. This can be 

explained by considering the zero point energy (ZPE) which constitutes the difference 

between the lowest potential energy state and the energy of the ground vibrational state for a 

molecule (diatomic). Potential energy curves for molecules are indifferent to heavy or light 

isotopes, they remain the same regardless of the atomic weight. However, the difference in 

mass will act on the vibrational frequency of the molecule and thereby altering the ZPE 

dependent on isotopic mass. Since the relationship between mass and frequency is inverse, a 

heavy isotopic composition will have lower the vibrational frequency ( ) for the molecule and 

thus lower ZPE compared to a molecule containing mainly light isotopes. When all molecules 

are in their ground state and temperatures are low, a good estimate for the magnitude of 

energy drop can be calculated according to equation 2.1, where  refers to Planck’s constant 

(Chacko et al. 2001): 

∆ ∗ ∗ ∆   (Eq. 2.1) 

It is important to note that all molecules stabilize from an exchange of light isotopes for heavy 

isotopes. The compound that benefits the most from the substitution, i.e. the substance with 

the largest	∆ , will gain the majority of the heavy isotopes (Chacko et al. 2001).  The 

partitioning of isotopes between different phases or substances is called “isotopic 

fractionation” and depends mainly upon the distribution of isotopes in equilibrium and kinetic 

processes based on differences in reaction rates of isotopes. In geochemistry stable isotopic 

exchange reactions are often expressed as the fractionation factor , where ,  represents 

the ratio of the number of heavy isotopes over the amount of light isotopes for each chemical 

substance (eq. 2.2) (Hoefs, 2009). 

     (Eq. 2.2) 

The isotopic composition of a compound ( ) is usually expressed as a delta (δ) value given 

by equation 2.3 where  is divided by a defined isotope ratio of a standard sample ( ) 

(Hoefs, 2009). 

1 ∗ 10 	 %     (Eq. 2.3)  
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Additionally, the isotope ratios expressed as δ-values of two substances can also be related to 

the fractionation factor (equation 2.4 and 2.5) (Rollinson, 1993).  

∆ 10 ln     [if δ < 10]  (Eq. 2.4) 

   [if δ > 10] (Eq. 2.5) 

The fractionation factor ( ) for oxygen isotopes between anhydrous mineral pairs (m1 and 

m2) can also be expressed with relation to temperature (equation 2.6), where T is the absolute 

temperature in Kelvin, A and B are thermometric coefficients for that particular mineral pair 

(Bottinga & Javoy, 1973; Javoy, 1977; Hoefs, 2009). 

10 ln    (Eq. 2.6) 

However, note that the coefficient  is only necessary when calculating fractionation 

temperatures below 500˚C (Hoefs, 2009) and thus, the fractionation factor becomes a function 

of 1/T2, meaning that isotopic fractionation decreases with increasing temperature, i.e  will 

tend towards 1 (Rollinson, 1993).  

2.1	Oxygen	isotopes	
Oxygen is thermally stable over large temperature ranges and is the most abundant element on 

the planet. It has three stable isotopes; 16O, 17O, 18O of which the first is the most abundant. 

Due to this fact and the mass difference, the 18O/16O ratio is normally used (Hoefs, 2009). 

Oxygen isotopes measured relative to a standard are commonly expressed in part per mil (‰) 

and the δ-value are calculated as seen in equation 2.7 (Rollinson, 1993). 

∗ 10  [‰] (Eq. 2.7) 

The worldwide standard used for oxygen isotopes today is called SMOW (Standard Mean 

Ocean Water) resembling the average isotopic composition of ocean water (Hoefs, 2009).  

The δ18O mantle value of the mantle (or basaltic magma (primary)) has been calculated to 

approximately 5.7±0.3‰ (Rollinson, 1993). Meteoric water on the other hand usually lies 

well below those values and can reach as far down as -40 ‰ (Rollinson, 1993; figure 7.1).. 

Magmatic water ranges between δ18O-values of 5.7 to 10‰. Metamorphic water has a bigger 

span, although, it does not reach negative values (Rollinson, 1993; figure 7.1).  
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3.	Methods	
Twelve samples were donated by the Geological Survey of Sweden, of which eleven were 

from the Kiruna and Malmberget districts. All the samples along with a short description are 

listed in table 2.1.1. Photograph of all the samples can be found in appendix A.  

Table 2.1.1. Samples analyzed. Note that the notation is made by the geologist whom 

 collected the sample. 

Sample Location Notation 

M1902 Kiruna, Sautusvaara "Svartmalm", magnetite, amphibole 

M1864 Vittangi, Svappavaara Magnetite, quartz 

M1937 Kiruna Skeletal-ore, magnetite 

M7275 Malmberget Magnetite 

M1942 Routivaara, Jokmokk Magnetite, ilmenite 

M7557 Rektorn, Kiruna Fragment of rektors-porphyry 

M1818 Old Barons mine, Gällivare Magnetite 

M1935 Carlsgruvan, Hinderön Magnetite 

M7558 Nokutus, Kiruna Banded iron ore 

M1748 Routevare, Jokmokk Magnetite 

M1815 Masugnsbyn, Vähävaara Streaky skarn ore, magnetite 

M1931 Kiruna, K71 "Svartmalm", massive, fine grained 
 

3.1	Polished	sections	
For each sample, polished sections were prepared by the author at the Department of Earth 

Sciences at Uppsala University. The samples were cut into appropriate pieces using a 

diamond saw. If there was considered to be any risk of picking during the preparation stage 

the sample was cast with epoxy, otherwise uncast sections were preferred. Silicon carbide 

powder with the fractions 80µm, 45µm, 18µm and 12µm was used for grinding. Polishing 

was performed on a polisher (Struers DP) where the disks were set to rotate at 250 rpm and 

diamond suspensions of three different fractions was used, 6µm, 3µm and 1µm. The samples 

were thoroughly washed in an ultrasonic bath between each grinding and polishing step to 

prevent contamination and scratching further on.  

3.2	Geochemistry	
Between 12 to 50 grams from each sample of crushed material was sent to ALS Scandinavia 

AB in Luleå for analysis of major, REE and trace elements. All samples were analyzed with 

ICP-SFMS after digestion according to each element specifics. For analysis of the elements 

As, Cd, Cu, Co, Hg, Ni, Pb, B, Sb, S, Se and Zn, the samples were dried at 50˚C, the element 

levels were TS-corrected to 105˚C. Dissolution was performed in confined Teflon containers 



23 
 

in a solution of 5 mL HNO3 and 5 mL H2O2. For Sn, analysis could be performed after 

digestion by reversed aqua regia. For the remaining elements, 0.1 g of sample was melted 

using 0.4 g LiBO2 and was dissolved in HNO3. The major elements were presented in wt% 

and the REE and trace element contents were reported in ppm. 

Geochemistry for host rocks was extracted from the lithogeochemical database provided by 

the Geological Survey of Sweden, as were the geochemical data regarding the regional 

geochemistry of the Malmberget and Kiruna districts.  

3.3	Oxygen	isotope	analyses 
All the samples were crushed using a hammer or a jaw crusher into appropriate grain sizes 

(approximately between 1-4 mm). The samples were then washed in an ultrasonic bath until 

no finer dust remained. A first rough separation was accomplished using a magnet until the 

majority of the grains left in the sample holder were magnetic minerals. By using a 

stereomicroscope the magnetite crystals with the least amount of contaminants could 

manually be selected for further analysis. For each sample, at least 5 milligrams was 

separated, however, for the majority of the samples at least 10 milligrams was separated.   

The oxygen isotope analysis was performed at the University of Cape Town in South Africa 

by Prof. Chris Harris. The magnetite samples were analysed in an Finnigan DeltaXP dual inlet 

gas source mass spectrometry and were prepared by laser fluorination. After reaction with 10 

kPa of BrF5, the purified O2 gas was collected into a 5 Å molecular sieve and stored in a glass 

bottle. Monastery garnet was used as a reference and calibration standard.  
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Table 4.3.1. Oxygen isotope data. Note that the oxygen isotopic composition is written as δ18O. Note that each 

sample has been divided by district, where KD marks samples from the Kiruna District, SVPD are samples from 

the Svappavaara District and MBD are samples from the Malmberget District. 

Sample District Location δ18O [‰]  

M1937 KD Kiruna 1.43  

M1931 KD Kiruna, K71 0.14  

M7557 KD Rektorn, Kiruna 2.54  

M7275 MBD Malmberget 0.80  

M1818 MBD Old Barons mine, Gällivare -0.27  

M1748 MBD Routevare, Jokmokk -1.01  

M1942 MBD Routivaara, Jokmokk 4.16  

M1864 SVPD Vittangi, Svappavaara -0.79  

 

 

 

Figure 4.3.2. δ18O-values shown in parts per mil. The blue box highlights the igneous range for magnetites 

established by Taylor (1967). Samples from this thesis are shown as circles and diamonds while reference 

samples from the Kiruna district (from Nyström et al. 2008) and the Grängesberg mining district (GMD) (from 

Weis, 2013; Jonsson et al. 2013) are shown as triangles. Striped symbols denote samples only bearing magnetite 

and no hematite. 

‐4 ‐3 ‐2 ‐1 0 1 2 3 4 5

δ18O [‰]

Eu/Eu* > 1 Eu/Eu* < 1 LaN/YbN > 100 Kirunavaara (REF)
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low T alteration
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Range of igneous magnetites from Taylor (1967) 
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Of the three samples that display a positive Eu-anomaly two samples show δ18O-values of less 

than zero. Likewise, the sample which displays LaN/YbN-ratio of > 100 also has negative 

δ18O. Hematite was present in all but two samples, both of them from the MBD, which 

displayed δ18O of 4.16‰ and -1.01‰.  

Samples that plot within the given igneous range are from the Kiruna district while samples 

from the MBD generally display values between approximately -1‰ to +1‰ except for one 

sample that shows a δ18O value of approximately 4‰. All of the samples from the KD show 

positive values (0.14-2.54‰), while the sample from the SVPD plots at -0.79‰. 

Approximately 9 of the 15 samples from the Kirunavaara ore deposit plots within the given 

igneous range. The samples range from -0.7 to 2.2‰ with a calculated mean value of 

approximately 1.04‰ (n=15), however, for unoxidized samples the reported mean value is 

1.5‰ (n=5) (Nyström et al. 2008). All of the samples from the nearby Per Geijer deposits 

display values less than 0.2‰ with three of four samples showing negative values, these 

samples show indications of deformation and are moderately to strongly oxidized (Nyström et 

al. 2008). 

The samples from the GMD are from massive magnetite ores and range between 0.2 to 2.8‰ 

with a calculated mean value of approximately 1.27‰ (n=12). The GMD-additional is either 

waste pile material or vein- to disseminated vein magnetite ore samples (Weis, 2013; Jonsson 

et al. 2013). These samples show lower δ18O-values and they range between -1.1 to 0.1‰ 

with three out of four samples displaying negative values. 
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5.	Discussion	

5.1	The	role	of	magmatic	processes	
For all three districts magmatic processes seem to have played a major role during ore 

formation which is reflected not only in the geochemistry and oxygen isotopes but also from 

the examination of the magnetite samples under the microscope. The dominant ore mineral is 

magnetite, which forms euhedral to subhedral, relatively large grains while the hematite is 

generally formed by secondary processes such as martitization and is often concentrated to 

grain boundaries or cracks. The euhedral grain morphology of the magnetite along with 

hematite that nearly exclusively formed by secondary processes and exsolution of both spinel 

(most likely ulvöspinel, confined to one crystallographic orientation within both the magnetite 

and hematite grains) and ilmenite are strong indications of magmatic processes responsible 

for the formation of the ores.  

Evident in nearly all REE plots for the ore samples are a strong to moderately strong LREE 

enrichment compared to the HREE. Two samples from the Kiruna district show very high 

concentrations of REE (∑REE > 1700 ppm) and also high concentrations of P2O5 compared 

to all the other samples, indicating that these samples are most likely rich in apatites. 

Futhermore, with exception of these apatite rich samples, samples with high Fe2O3 content 

tend to have a higher REE content and also be richer in phosphorous (figure 4.2.1). This 

relationship also holds true when comparing the geochemistry of the host rock to the 

geochemistry from the magnetite samples where host rocks rich in Fe2O3 content also show 

increasing concentrations of P2O5 (figure 4.2.7). The REE-patterns from the ores are very 

similar between districts but are also similar to the REE-pattern from the districts host rocks, 

especially regarding the LREE-enrichment and the Eu-anomalies, which is also consistent 

with the results presented by Frietsch & Perdahl (1995). The geochemical similarities between 

the host rocks and the magnetites, regarding both the REE-patterns and the iron-phosphorous 

relationship, seen within all districts can be interpreted as have originated due to simultaneous 

formation of the host rocks and the main ore bodies (Frietsch & Perdahl, 1995) which would 

occur if magmatic processes where responsible for the ore formation.  

Furthermore, the close similarities in the REE-pattern between host rocks and magnetites may 

also indicate that the role of magmatic fluids was of less importance. Also, if the role of 

magmatic fluids had been extensive, the δ18O-values would have been higher, most likely 

progressing towards values between 6-8‰ (Weis, 2013; Nyström, 2008). 
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The δ18O-values of the samples show that 3 samples out of 8 range between 1.43-4.16‰ and 

thus display values either within or very close to the igneous range established by Taylor 

(1967). Two of the samples that plot within the igneous range are from the KD while the third 

sample from the KD plots at a slightly lower value (0.14‰). One of the samples from the 

MBD plot very close to the igneous range at 4.16‰ while the other three samples range 

between -1.01 to 0.80‰ and thus generally plot at values lower than the given igneous range. 

However, when comparing the oxygen isotopes from all districts to reference data from the 

Kiruna district and Grängesberg district (GMB) including the GMB-additional and the Per 

Geijer deposits which feature oxidized and/or altered samples (Nyström et al. 2008; Weis, 

2013; Jonsson et al. 2013) the range of the oxygen isotopes correspond very well between all 

three mining districts with the majority of the samples showing positive values. 

5.2	The	role	of	hydrothermal	processes	
Evidence of hydrothermal processes can be seen within all three districts to various extents. 

Indication of such processes can be seen in both the polished sections and from the oxygen 

isotopes, however, it is in many cases somewhat difficult to note from the geochemistry. 

One sample from the KD only display δ18O-values of 0.14‰, which is below the igneous 

range. However, from the polished section it is clear that this sample has experienced brittle 

deformation and has later been subjected to oxidizing fluids resulting in martitization along 

cracks and grain boundaries. The hematite present in the sample may thus be responsible for 

the current low δ18O-value. Partly to strongly oxidized samples from the Kiruna district often 

display negative values or values close to zero (Nyström et al. 2008). The same reasoning is 

valid for samples from the MBD where they display clear evidence of strong deformation and 

oxidation (such as martitization, brecciated patterns and late infilling of silicates) which may 

have lowered the δ18O-values below the limit of igneous magnetites. 

One sample from the SVPD contained nearly more hematite than magnetite and the hematite 

grains were of equal sizes and commonly displayed several triple junctions, a feature which 

could arise due to high temperature hydrothermal alteration and/or deformation, also noted in 

samples from the Malmberget district (Lund & Martinsson, 2013), which then would explain 

the low δ18O-value.  

Nearly all samples that display negative or very low δ18O-value also display signs of either 

high temperature hydrothermal alteration or evidence for oxidation from fluids penetrating 

cracks resulting in martitization and secondary infillings of silicates or martitization along 
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grain boundaries. Oxidation of samples, especially the ones from the MBD, seems to be the 

most common process of lowering the δ18O-value for the samples studied here, thus most of 

the hydrothermal processes that has been active in the area are mainly responsible for 

secondary alteration. No apparent evidence has been found to support a primary ore formation 

by hydrothermal process in any of the districts. 

5.3	The	influence	of	crustal	contamination	
The bedrock and the ore bodies at the Malmberget district have been subjected to extensive 

metamorphism and recrystallization (Bergman et al. 2001; Jansson, H-G., 2005; Lund & 

Martinsson, 2008;2013). Pophyroblastic growth of hematite and increased grain size of ore 

minerals are such examples. Furthermore, one sample where exsolution of spinel (most likely 

ulvöspinel) oriented in one crystallographic orientation, mainly occurring within magnetite 

grains, can be seen to cross cut the rim into hematite grains. This implies that the spinel 

lamellae separated from the iron-oxide phases during high temperatures during magnetite 

crystallization while the hematite later replaced some of the magnetite during deformation. 

Furthermore, the same sample displays an extreme LREE enrichment (figure 4.2.4) with a 

La/Yb ratio of over 100, and a positive Eu-anomaly. Thus, in this case the LREE enrichment, 

the negative δ18O-value, the lack of hydrothermal textures in the sample (and a positive Eu-

anomaly) could all be explained by crustal contamination by granitoids (Rollinson, 1993).  
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6.	Conclusions 

Even though the metamorphic events at Kiruna and the Malmberget districts has obscured, 

altered and perhaps even erased some of the primary evidence of ore formation, the oxygen 

isotopic composition of the samples investigated in this study along with the textural 

observations from the polished sections and the geochemistry, still points towards a magmatic 

origin for these deposits, which is in agreement with several authors (Frietsch & Perdahl, 

1995, Frietsch, 1978;1973, Nyström, 1985, Nyström et al. 2008). No clear evidence has been 

found that would support a hydrothermal process responsible for the major ore forming 

events. However, it is evident that the samples that display negative (or very low) δ18O-values 

within this study show distinct signs of either high temperature hydrothermal 

alteration/oxidation or crustal contamination.   
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Appendix	3	
Appendix 3 features the geochemical data of the magnetite ores studied in this thesis. 

Sample: M1902 M1864 M1937 M7275 M1942 M7557 M1818 M1935 M7558 M1748 M1815 M1931
Major elements 

(wt%) 
            

SiO2 34.5 0.632 0.419 2.43 0.367 24.1 1.16 14.1 0.737 25.3 27.2 0.933 

Al2O3 5.21 0.176 0.0827 0.299 6.47 4.41 2.41 0.177 0.229 4.27 0.304 <0.04 

CaO 6.28 2.33 13.9 0.914 <0.08 4.26 0.876 2.39 14.5 5.65 5.83 0.755 

Fe2O3 40.8 99.9 74.9 101 79.4 56.8 98.3 71.7 72.6 57.6 50.3 101 

K2O 1.96 <0.09 <0.09 <0.09 <0.1 1.5 <0.09 <0.1 0.126 0.212 0.221 <0.09 

MgO 10.8 0.247 0.325 0.206 2.79 0.325 0.187 8.5 0.043 1.73 11.2 0.786 

MnO 0.0475 0.209 0.0718 0.0258 0.177 0.125 0.0264 0.039 0.0163 0.5 0.108 0.212 

Na2O 1.06 <0.05 0.0559 <0.05 <0.05 0.164 0.114 <0.05 <0.05 0.404 0.349 <0.05 

P2O5 0.149 1.08 9.74 0.651 <0.009 0.17 0.724 0.0262 10.3 0.0267 0.0252 0.527 

TiO2 0.455 0.115 0.0872 0.0599 0.283 0.9 0.161 0.0072 0.223 0.0816 0.0489 0.0136

Sum 101.3 104.7 99.6 105.6 89.5 92.8 104 96.9 98.8 95.8 95.6 104.2 

LOI 1000°C 0.7 ------- -2 -2.1 -3 3.4 ------- ------- -1.9 ------- 0.1 ------- 

Trace elements 
(ppm) 

As 0.388 12.4 28.5 15.5 <0.1 1.84 2.5 0.783 19.3 <0.1 <0.1 1.17 
Ba 66.1 4.09 14.6 3.75 3.17 4410 15.5 24.8 52.9 151 12.1 8.82 
Be 1.36 <0.5 <0.5 <0.5 <0.5 1.28 <0.5 <0.5 0.761 24.3 2.14 <0.5 
Cd 0.0469 0.0117 0.0196 <0.01 <0.01 <0.01 0.0118 0.27 <0.01 0.0353 0.0121 <0.01 
Co 50.7 1.29 1.79 5.91 4.52 37.6 0.318 41.2 4.89 0.289 0.528 0.771 
Cr 173 18.6 11.1 <10 40.7 51.5 32.2 14.5 13.2 16.6 <10 15.1 
Cu 114 8.51 16 4.28 7.33 21 23.2 362 10.7 9.27 14.2 9.51 
Hg 0.191 <0.04 <0.04 <0.04 0.118 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
Nb <5 <5 <5 <5 <5 <5 13.1 <5 21.4 5.07 <5 9.13 
Ni 23.3 2.15 3.5 3.88 3.19 3.91 0.4 4.03 5.95 0.17 0.357 1.59 
Pb 6.41 12.6 3.39 1.74 0.906 0.896 6.15 4.23 2.51 2.98 3.85 2.64 
S 2720 <50 259 <50 111 134 <50 3290 153 288 957 <50 
Sc 13.7 2.75 1.29 <1 5.61 <1 5.77 <1 1.86 2.28 2.91 1.96 
Sr 31.6 16.2 63.2 20.3 <2 61.7 199 13.5 90 19.7 10.7 4.09 
V 185 996 628 382 139 540 467 2.93 598 6.25 86.3 918 
W <0.4 1.61 1.21 <0.4 <0.4 2.75 <0.4 0.948 1.06 1.68 <0.4 <0.4 
Y 12.7 20.6 215 16.9 <2 5.83 12 3.73 339 16.7 4.22 20.9 
Zn 17.3 1.09 3.14 2.05 <1 1.57 4.06 60.8 <1 10.7 1.95 3.11 
Zr 46.1 4.44 4.79 8.33 4.1 113 13.1 <2 6.6 83.7 13.6 <2 
La 27.1 38.5 360 22.6 0.443 16.1 454 1.64 309 8.8 3.67 47.4 
Ce 50.1 90.6 805 49.1 0.946 19.7 673 3.4 691 21 7.78 107 
Pr 5.59 11.8 99.6 5.81 <1 1.5 62.1 <1 88.6 2.71 <1 11.7 
Nd 20.6 45.7 375 22.2 0.361 4.54 177 1.9 349 11 3.2 41.5 
Sm 3.72 8.09 59.8 3.92 <0.4 0.795 18.9 0.572 62.3 2.59 0.59 6 
Eu 0.555 1.02 8.79 0.76 <0.05 0.587 5.38 0.064 7.52 1.6 0.163 1.07 
Gd 3.04 6.1 50.8 3.62 <0.4 0.819 5.92 0.669 66.4 3.1 0.559 5 
Tb 0.447 0.786 6.39 0.512 <0.1 0.133 0.522 0.119 9.6 0.528 <0.1 0.603 
Dy 2.58 4 33.9 2.74 <0.1 0.844 2.09 0.676 55.8 3 0.562 3.47 
Ho 0.528 0.777 7.25 0.561 <0.07 0.17 0.431 0.142 11.9 0.629 0.133 0.697 
Er 1.27 1.81 18.9 1.64 <0.1 0.569 1.28 0.411 32.6 1.77 0.46 2.14 
Tm 0.183 0.225 2.46 0.226 <0.1 <0.1 0.21 <0.1 4.35 0.254 <0.1 0.298 
Yb 1.11 1.23 14.1 1.25 <0.3 0.469 1.66 0.322 25.2 1.78 0.497 1.66 
Lu 0.0887 0.095 2.01 0.134 <0.04 <0.04 0.218 <0.04 3.5 0.241 0.0526 0.198 
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Appendix	4	
Appendix 3 features a short summary of the regional geochemistry of the Malmberget and 

Kiruna districts mainly preformed to see if there was any noticeable difference between the 

geochemistry of the Malmberget district and Kiruna district on a regional scale. 

Regional	geochemistry	of	the	Malmberget	and	Kiruna	districts	
Two methods were used to extract data geochemical data from the database for comparison 

between the Malmberget and Kiruna regions. The first approach were based on spatial 

location of the sampling points (and thereby the samples themselves). In ArcGIS a selection 

of data points was preformed based on the location of Malmberget and Kirunavaara, choosing 

all data points within a radius of 25 km from each location (figure 4.2.14). However, due to 

different sampling densities within each of the two areas this method generated unequal 

amount of data, with about twice the amount of data points for Malmberget. 

The second method focused on receiving approximately the same amount of data from each 

area, with no regards to the size of the area generating data. This method generated about 300 

data points from each locality, however, due to the sampling density being greater at 

Malmberget the areal extent needed to produce the same amount of data from the Kiruna area 

had to be larger (figure 4.3.14). 
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1.	Introduction	
When preforming bedrock mapping of Northern Sweden, it was problematic to distinguish 

between the different mafic and ultramafic members of the different plutonic suites based on 

field observations. So far, geochronology has been the only method able to assign rocks to 

suites. However, it is not a cost-efficient method when dealing with a large amount of 

samples. Furthermore, the Proterozoic rocks in the area have ages that overlap between suites. 

Ahl et al. (2001) showed that if presented with sufficient amount of data it is possible to 

geochemically distinguish between major suites, however, the focus was primarily on felsic 

intrusives and the discrimination was based on major element data. This study has focused 

primarily on Rare Earth Elements (REE’s) and trace element geochemistry to distinguish 

between the mafic and ultramafic constituents of three dominating suites, e.g. the Haparanda, 

Perthite-Monzonite (PMS) and Edefors suite and to trace the distribution of these suites. It is 

of great importance to separate and map the distribution of these suites since both the 

Haparanda suite and the PMS suite are thought to have a strong genetic connection to Cu-Au 

mineralization of different sizes and grades in northern Sweden. The large sub-economic 

mineralization within the Aitik intrusion shows for example a close relationship to the PMS 

suite (Wanhainen et al. 2006) while the porphyry style mineralization between the Skellefteå 

and Jokmokk area and the IOCG:s of northern Sweden show affinities towards 1.9 Ga 

synvolcanic intrusions, i.e. the Haparanda suite (Weihed & Schöberg, 1991; Lundmark et al. 

2005; Wanhainen et al. 2006).   

1.1	Regional	geology	of	northern	Sweden	
Northern Sweden is mainly dominated by Paleoproterozoic rocks (fig. 1.1). At about 2.0 Ga 

the Archaean craton experienced rifting that created a passive margin and turbiditic sediments 

were deposited (Gaál & Gorbatschev 1987; Öhlander et al. 1999). Subduction beneath the 

Archaean cration contributed to igneous activity during the Svecofennian orogeny (1.93-1.86 

Ga) that created vast amounts of both volcanic and plutonic rocks within and on the edge of 

the craton, thereby resulting in rocks with different source material, either intermixed with 

Archaean crustal material or rocks with more primitive subduction characteristics (Skiöld, 

1987; Skiöld et al. 1993; Öhlander et al. 1993; Gorbatschev & Bogdanova 1993; Mellqvist et 

al. 1999).  Generally, the supracrustal rocks from this age are heavily deformed and 

migmatized and are separated by areas of younger granitoids. The small quantities of 1.93-

1.92 Ga trondhjemites and tonalites are the oldest Svecofennian intrusives and can be found 

both in northern Sweden and in parts of eastern Finland (Claesson et al. 1993 and references 
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al. 2001), Mellqvist et al (1999) also showed that the Haparanda suite are contaminated with 

Archaean crust indicated by strongly negative ƐNd values.  

The rocks are often medium to coarse grained, commonly contain oligoclase or andesine, 

hornblede, microcline and quartz, however, some assortments lack minerals such as 

hornblende and biotite or only host them as accessory minerals. Other common accessory 

minerals are zircon, apatite, magnetite, titanite or exsolution products of titanite. Sericite, 

chlorite and epidote can also be present to various extents (Mellqvist et al. 1999).  Spider 

diagrams of the REEs often display a flat to minor concave-upward tendency from the MREE 

towards the HREEs with variable Eu-anomalies. Low contents of Y, Rb and Nb are also 

common features for the Haparanda suite (Ahl et al. 2001). These primorogenic granitoids are 

according to Witschard (1980) widespread in the northern and eastern parts of the province of 

Norrbotten. 

1.2.2	The	Perthite‐Monzonite	suite	(PMS)	
Rocks from Masugnsbyn and Koivu-Kuosanen have been assigned to the PMS and were 

described by Skiöld & Öhlander (1989) as defining a diorite- quartz monzodiorite (to quartz 

monzonite)- adamellite trend. A similar trend can be seen within the Arvidsjaur pluton 

situated in the north central parts of Sweden, e.g. granites and adamellites with subordinate 

granodiorites and tonalities (Ahl et al. 2001). The PMS has been dated to have crystallized at 

approximately 1879±12-15 Ma (the Antak pluton) and 1877±7-8 Ma for the Arvidsjaur pluton 

(Ahl et al. 2001; and references therein). Wilson et al. (1985) reported ƐNd values of +1.1 to 

+3.4 and δ18O values of around +6 to +7‰. 

Intrusions related to the PMS suite have previously been reported to post-date the 

Svecofennian orogeny due to lack of evidence supporting deformation (e.g. the Antak pluton, 

the Masugnsbyn granitoid) (Skiöld & Öhlander, 1989; Ahl et al. 2001; Stein, 2006). However, 

U-Pb dating has shown that they are related to Svecofennian ages and the orogeny, thus entail 

the distinction between PMS and the Haparanda suite becomes problematic (Stein, 2006).  

1.2.3	The	Edefors	suite	
The Edefors granitoids are commonly red to dark brown in color and range from syenites to 

granites. Dark minerals are predominantly made up of pyroxene that has retrogressed to form 

hornblende. It has been concluded due to the lack of associated pegmatite and aplite dykes 

that the Edefors granitoids crystallized from a dry magma. Gradual contacts between Edefors 

types and other granitoids from related suites are common, unlike contacts to other 
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metasupracrustals, which are often sharp (Öhlander & Skiöld, 1994;1996). Perthitic 

microcline dominates while typical accessory minerals are zircon, apatite, allanite and 

epidote, also silica-poor pyroxene is especially abundant. Rocks from the Edefors suite have 

been dated to be 1800±7 Ma (Öhlander & Skiöld, 1994; and references therein). 

Granitoids from this suite have proven to have similar characteristics to A-type granites, e.g. 

high contents of Na2O+K2O and Zr, while the ratio Fe/Mg is low as is the CaO content, and 

show ƐNd values of approximately -1.5 to +1.4. The REE content is fairly low in plutonic 

rocks from Edefors-Boden along with elements such as Y, Nb, Rb and Ta. Frequently, rocks 

from the Edefors suite display a marked positive Eu-anomaly independent of the silica content 

and an LREE-enrichment is often noticeable (Ahl et al. 2001; Öhlander & Skiöld, 

1994;1996).  

1.3	Regional	metamorphism	and	mobility	of	major‐,	trace	and	Rare	Earth	
Elements	
Major parts of northern Sweden have undergone regional metamorphism to various degrees 

during several periods, most of them related to the Svecofennian orogeny (Stein, 2006). 

Bergman et al. (2001) suggest an early, accretionary related, deformational process at 1.95-

1.88 Ga. This metamorphic event is overprinted by NW-trending structures that may have 

been generated from convergence from the southeast at 1.87-1.82 Ga. Between 1.82 and 1.80 

Ga additional metamorphism occurred as a result of E-W dominated shortening (Bergman 

Weihed, 2001). Billström et al. (2002) deduce two main metamorphic events for northern 

Sweden, the first at 1.88 Ga and the second at 1.80 Ga. 

Since the mobility of major and several of the trace elements during both aerial and submarine 

weathering and alteration processes as well as metamorphic reactions, are substantially high, 

they are therefore very unreliable to use for petrogenic studies if the the sampling area has 

undergone any degree of alteration (Humphris, 1984). Also one can suspect that regional 

analyses based on such elemental data may prove insufficient in correlating spatially 

separated samples, i.e. that only samples in close vicinity to each other may correlate well due 

to different extent of alteration and metamorphism. Another factor that could prove 

correlation by major elements problematic is that the rock types whom are to be separated are 

either ultramafic or mafic rocks, indifferent of the suite they belong to. Thus; the geochemical 

pattern of the major elements may only reflect the specific rock type (constituting minerals, 

alterations etc.) and not similarities between rocks from the same suite, but instead 

geochemical similarities between the same type of rock from different suites. 
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REE’s are generally preferred for regional studies since they are less mobile than the major 

elements and the majority of the trace elements (Humphris, 1984). Unless the rock has 

undergone severe metamorphism, alteration, hydrothermal weathering etc. no major change in 

the patterns or abundances of the REEs will be noted. Essentially, if the rock has experienced 

static metamorphism or if the alteration and/or weathering were limited the REEs should 

show a pattern consistent with the parent rock (Hanson, 1980). 
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2.	Method	
Lithogeochemical data (e.g. whole rock, major oxides, REEs and trace elements) covering the 

majority of northern Sweden was provided by the Swedish Geological Survey (SGU). The 

database contained geochemical data from approximately 1800 samples of which nearly 80 

had been mapped as mafic or ultramafic plutonic rocks. The majority of the samples 

contained major-, trace- and REE data. By spatially joining each sample to the associated 

bedrock surfaces in ArcGIS and thereafter selecting the plutonic mafic- and ultramafic rocks, 

the element data could be extracted along with the coordinates and the concise regional 

information covering that area.  

Nearly 80 samples were plutonic rocks ranging from gabbros to quartzdiorites and 

monzonites. All plots within this thesis were made in the software GeoChemical Data toolkit 

(GCDkit) built in R language (Janoušek et al. 2006). Normalized spider plot patterns of REEs 

and trace elements served as basis for subdivision into smaller datasets by similarities in key 

identification markers such as Eu-anomalies, middle- to heavy REE enrichment/depletion, 

overall concentration of REEs etc, resulting in 7 groups, A,B,C,D,E,F and US (Unsorted). 

Correlation diagrams and histograms were used to compare the correlation between the REEs 

within the groups and to find suitable elements for further analysis. Furthermore, since Eu 

was one of the elements varying to a great extent between the groups the Eu-anomaly 

(Eu/Eu*) was calculated (Eq. 1) where a value greater than one indicates a positive anomaly a 

value less than one denotes a negative anomaly (Rollinson, 1993). 

∗ .    Eq. 1 

Since the classification of rock types are performed in the field and could thus be rather 

arbitrary, TAS and P-Q diagrams (a binary plot that correspond to the proportions of K-

feldspar and plagioclase to quartz; P = K–(Na+Ca), Q = Si/3–(K+Na+2Ca/3) (Debon & Le 

Fort, 1983)) were used to classify all the rock types within each group. For several of the 

binary plots, reference samples from the Haparanda (Öhlander et al. 1999) and the Edefors 

suite (Öhlander & Skiöld, 1994) were plotted for comparison. 
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4.	Discussion	

4.1	Assigning	geochemical	groups	to	lithological	suites	
By comparing the geochemical pattern from each group (A-F) with one another and the 

reference samples for the Haparanda, Edefors and PMS suites, a more confined and 

constricted grouping can be made from the original A to F set that would more closely 

correspond to these three suites. As previously stated the Haparanda suite often show a near 

flat to concave-upward tendency when progressing from the MREE towards the HREE and an 

variable Eu-anomaly. Also common are low contents of Y, Rb and Nb (Ahl et al. 2001). 

Plutonic rocks of the Edefors suite generally have low contents of REE and low 

concentrations of elements such as Y, Nb, Rb and Ta. Also, they frequently display a positive 

Eu-anomaly and an LREE-enrichment (Ahl et al. 2001; Öhlander & Skiöld, 1994;1996). 

Regarding the PMS suite, no distinct geochemical signatures have been found in the literature. 

However, since the ages of the PMS and the Haparanda suite overlap and both suites formed 

during the orogeny (Stein, 2006), it is likely that they share a close relationship in their 

geochemistry as well. 

The distinct negative Eu-anomaly along with the near straight to slightly concave-upwards 

trend from the middle towards the HREE of Group A (fig 3.1.1) correlate well to previously 

stated indices for the Haparanda suite. Also, the high content of REE (fig 3.1.4) compared to 

the other groups point towards the same conclusion. The same similarities to the Haparanda 

suite are also shown in group D. Group C show no marked positive or negative Eu-trough, 

however, the REE content is relatively high and is comparable to both group A and D, 

especially when considering the LREEs which seem to correlate well to coherent elements of 

Group A and D (fig 3.1.4  and 3.1.5). According to Ahl et al (2001), the Haparanda series 

often display a variable Eu-anomaly, thus the lack of a negative Eu-anomaly can therefore not 

exclude Group C from being included in the Haparanda suite. As previously noted, the 

separation between PMS and Haparanda has proven tenuous and problematic (Stein, 2006) 

and little geochemical work has been performed on rocks of the PMS suite, thus it is also 

possible that Group C are affiliated with the PMS suite.  

A strong positive Eu-anomaly distinguishes Group B from the other groups (fig 3.1.1). This 

together with the low concentration of REEs is indicative of the Edefors suite (Ahl et al. 2001; 

Öhlander & Skiöld, 1996). Neither Group E nor Group F display distinct positive Eu-

anomalies, although, Group E contain less total abundance of REE than Group F (fig 3.1.5) 
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and would plot among the most enriched parts within Group B, while Group F overlap both 

Group E and D. 

Regarding the trace elements, Group B and E show similar patterns with low total 

concentration of nearly all the trace elements. A striking feature for these groups which is not 

seen within the others is the strong positive peak at Sr, although the concentration of Sr is 

often equivalent to other sets. Groups A, C and D seem to compare well in the trace element 

plots (fig 3.1.6 and 3.1.7). The patterns are equivalent between these groups, with a nearly flat 

to slightly negative trend from Rb to U and from La to Sr with peaks at Nd and Sm and 

troughs at P, Nd and Ti. The majority of the elemental concentrations are also very similar 

between these groups (A, C and D), with the exception of Nb where the troughs show a great 

variation in magnitude for Group C and D but are fairly uniform in Group A. These patterns 

indicate once again that Group B and E may be related while Group A, D and C form another 

set. 

All the binary plots support that Group B is closely related to the Edefors suite and Group A 

and D can be compared to the Haparanda suite. These affinities are also supported by 

similarities to the reference samples (figure 3.2.1 to 3.2.3). The high content of REE shown 

by Group A and D are in accordance to the conclusions made by Mellqvist et al. (1999) 

relating the geochemistry to the high degree of assimilation of Archaean crustal material 

within the Haparanda suite. Hence; figures 3.2.2 and 3.2.3 further confirm this division 

between groups.  

Since a positive Eu-anomaly is indicative for rocks that sort to the Edefors suite, Group B (all 

samples with values well above 1, as seen in figures 3.2.1 and 3.2.3) is thus constrained as a 

member of the Edefors suite. This is also supported by the overall low content of REEs and 

the low Th concentration (fig 3.2.1 and 3.2.2), which may be explained by less crustal 

contamination than experienced by the Haparanda suite, consistent with the ƐNd values of the 

Edefors suite that range from approximately -1,5 to about +1,4 (Öhlander & Skiöld, 

1994;1996). Furthermore, Group B correlates well to the reference samples from the Edefors 

suite, perhaps with the exception of the total REE plot, where the reference samples are 

slightly more enriched than the samples within Group B.  

Group E and F both cluster around Eu/Eu* values of close to 1, thus have neither positive nor 

negative Eu-anomalies. From the spider plots, it is proposed that Group E could belong to the 

Edefors suite. Since some of the reference samples from the Edefors suite also show Eu/Eu* 
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Since several of the samples within the unconstrained set (UC) may sort into either of the two 

primary sets based on other factors than displayed above, further analysis is necessary to 

affirm an accurate result. 

4.2	Tracing	the	geochemical	distribution	of	suites	
Once the data has been analyzed and assessed into appropriate suites by geochemical 

discrimination is should be possible to spatially trace the distribution of the studied suites. 

Figure 4.2.1 shows the regional map of all the datapoints sorted and plotted into their groups. 

From figure 4.2.1 a clear spatial distribution between groups is evident. Group A, F and to 

some extent Group B cluster in the southern parts, close to the towns Boden, Luleå and 

Arvidsjaur. Group D is concentrated in the eastern parts, towards the coastal regions, and can 

be seen to propagate from Boden further north following an almost straight trend. Hence, the 

eastern parts is consistent with the result presented by Witschard (1980) whom concluded that 

rocks from the Haparanda suite are widespread in the northern and eastern parts of the 

province of Norrbotten. Furthermore, the bedrock mapping of the Precambrian formations 

performed by the Geological Survey of Sweden during the years 1976-1981 also supports this 

spatial demarcation (Witschard, 1984). The dark brown areas are marked as tonalities-

granodiorites of the Haparanda suite while the Edefors suite plutonics are colored dark red to 

green dependent of rock type. Hence, Group A and D (and to some extent group C) should 

plot at or close to brown or green areas while Group B (and E) should cluster at or close to the 

dark red or green zones. 

However, the spatial distributions of the groups that overlap in the binary plots are the most 

interesting regarding the geochemical mapping. These groups (mainly Group F but also to 

some extent Group C and E) seem to be clustering around the Luleå, Boden area, shown at 

higher resolution in figure 4.2.2. Group C and B are mostly concentrated to the eastern parts 

as are Group F, which is especially represented in vicinity to the ultramafic and mafic 

intrusions close to Boden (the Notträsk and the Gunnarsdjupträsket intrusions). These 

intrusions are dated to be of the Edefors suite (Kathol et al. 2011), however, both Group B 

and Group F plot within the intrusions. These intrusions may therefore be of use to further 

constraining the groups into suites. 
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typical geochemical pattern seen in Group B, resulting in geochemical patterns (elevated Th-

concentrations, Eu/Eu*-values of close to 1 and only a minor peak at Sr) approaching the 

Haparanda suite signature. 

Further north of the Nottrask layered intrusion the Gunnarsdjupträsket intrusion is located, 

which clearly show a similar pattern as the Notträsk intrusion, showing samples from both 

Group B and F. However, the smaller mafic bodies east of the Gunnarsdjupträsket intrusion 

only display samples belonging to group C and D which are associated with the Haparanda 

suite. This would indicate that these smaller intrusions are older than both the Notträsk and 

the Gunnarsdjupträsket intrusions and would thus belong to the Haparanda suite, which is 

consistent with the preliminary results from the recent bedrock mapping of the area (Kathol et 

al. 2012). 

4.3	The	Haparanda	suite	
So far, Group A, C and D have been assigned to the Haparanda suite. Group B and F have 

been assigned to the Edefors suite while Group E remains unsorted. However, by combining 

the spatial distribution of each sample within the groups, the geochemistry and the 

comparison with their neighbors to the bedrock map it may be possible to further aid the 

sorting into suites. For example, since not all of the samples within Group F are found 

associated with increased crustal assimilation of the edge of an intrusion some samples within 

this group may still belong to the Haparanda suite.  

Table 4.6.1 show all of the samples sorted in both the Groups and corresponding suites. Note 

that the majority of the samples from Group F are included in the ES set while just over 50% 

of the samples from Group C fall into the Haparanda set (HS). The samples from Group C 

that has been excluded from the Haparanda set are samples that showed geochemical 

similarities to either Group B and/or Group F (low Th-values and Eu*~1 etc.) and has a 

spatial location which could not exclude their affiliation.  

The groups assessed into suites are illustrated in figure 4.3.2 as written in table 4.3.1. The 

Edefors suite (ES) now display slightly lower Eu*-values and somewhat higher Th-contents 

than previously due to the incorporation of samples from Group F.  
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Table 4.3.1.  Table of the samples geochemistry, groups and associated suites . Note that all of the Rare Earth 
Elements and trace elements are tabled in ppm while the SiO2 are in wt%. Only the elements included in the 
binary plots within this thesis are included in the table along with the reference samples used. 

SAMPLE SiO2 Sr Pr La Lu Th Eu Eu* ∑REE Group Suite 

CLU070062K 51.37 319.5 6.55 19.8 0.4 3.3 1.04 0.58 124.84 A HS 
MAL707062 62.9 190 6.52 20.6 0.52 6.1 0.472 0.26 130.74 A HS 
MAL702430 55.1 1210 4.98 18.8 0.13 1.18 0.84 0.67 96.28 A HS 
KBK960030K 62.1 350 9 34.5 0.5 7.01 1.4 0.73 176.2 A HS 
LBE020068K 54.8 388 8.1 32.8 0.4 2.57 1.4 0.73 167 A HS 
CHB040170K 52.78 647.8 8.74 28.2 0.42 3.8 1.57 0.6 178.88 A HS 
LBE020101K 51.9 484 4 15.6 0.3 2.15 1 0.76 92.9 A HS 
LBE020011K 48.9 420 6.7 20.2 0.4 1.6 1.5 0.73 129.6 A HS 
CLU070096K 55.75 453.6 6.82 23.6 0.4 9.5 1.03 0.56 133.22 A HS 
PEV090152 G 57.82 517 10.59 42.6 0.36 17.2 1.43 0.72 212.83 A HS 
PAC950550 60.9 475 8 30.7 0.4 13.2 1.1 0.67 164.7 A HS 
BOM960098 61.4 485 6.6 16.3 0.3 0.274 1.4 0.67 119.9 A HS 
CHA070097A 48.03 638.3 2.91 11 0.13 0.4 0.84 1.19 57.74 B ES 
ABK070144K 49.87 727.5 2.06 7.4 0.15 1.5 0.86 1.34 40.11 B ES 
CHB070350K 49.85 501.2 3.92 14.7 0.26 0.9 1.49 1.4 80.99 B ES 
FHM070072A 48.95 337.6 0.8 3 0.07 0.5 0.52 2.22 17.25 B ES 
MSI110034K 44.6 528 0.76 2.4 0.1 0.22 0.55 1.64 18.21 B ES 
MSI110030K 46.9 551 1 3.8 0.08 0.36 0.48 1.52 22.24 B ES 
MSI110040K 45.2 620 1.45 5.3 0.1 0.7 0.69 1.52 30.6 B ES 
MSI090110 K 48.43 587.3 1.1 4 0.09 0.4 0.49 1.26 25.36 B ES 
MSI090171 K 47.76 908.9 1.5 6.4 0.04 <0.2 0.72 2.66 30.34 B ES 
PEV090141 B 47.78 811 1.36 4.9 0.06 <0.2 0.7 1.95 28.29 B ES 
RKN110053K 50.7 954 5.76 20.9 0.16 1.55 1.67 1.35 108.27 B ES 
MSI110082K 51.5 595 4.15 14.9 0.22 2.41 1.25 1.11 83.15 C UC 
DED060103A 60.56 815 6.74 29 0.18 9.3 1.17 0.93 136.55 C HS 
DED060102A 57.25 701.1 7.3 28.3 0.25 5.9 1.35 0.93 144.69 C HS 
BOM950166 58.5 644 6.5 25.4 0.2 4.2 1.1 0.84 128.1 C HS 
BOM950074A 59.8 703 7.5 32.2 0.2 9.54 1.2 0.92 149 C HS 
RKN110060K 55.1 758 8.22 37.4 0.25 3.59 1.61 1.07 163.73 C UC 
CHA050081A 50.27 303 3.05 10.9 0.25 1.8 0.9 1 64.48 C UC 
JLH110100K 65.9 423 6.21 35 0.15 6.69 0.9 1.06 133.5 C HS 
MSI100002K 65.84 713.3 4.56 19.8 0.12 3.5 0.95 1.17 92.44 C UC 
MSI110118K 63.8 574 7.2 33.4 0.21 8.6 1.08 0.95 143.07 C HS 
MSI090179 K 63.39 454.9 5.18 23 0.22 7.7 0.85 0.83 111.7 C HS 
EDN070263D 59.32 520.3 6.52 27.5 0.29 1.7 1.32 0.93 132.43 C UC 
CHB111019K 63.5 387 5.86 25.8 0.24 10.2 1.04 0.97 122.29 C HS 
MSI110076K 52.8 581 5.48 19.9 0.24 1.65 1.18 0.87 106.84 C UC 
SPN070189K 51.87 641.7 5.34 18.9 0.27 2.1 1.22 0.88 101.55 D HS 
SPN060054K 56.54 723.6 5.21 19.8 0.21 4.3 0.95 0.83 105.08 D HS 
SPN050349K 65.72 418.8 5.4 21.9 0.36 9.5 0.85 0.76 111.34 D HS 
BOM950164 58.8 673 8.5 35.3 0.2 9.23 0.9 0.69 161.8 D HS 
MSI110061K 52.1 680 8.62 25.3 0.4 2.51 1.89 0.81 160.97 D HS 
MSI100153K 52.9 666.1 15.99 59.6 0.41 4.5 2.37 0.73 314.72 D HS 
RKN110103K 57.4 538 17 65.9 0.43 5.26 2.46 0.81 318.48 D HS 
MSI110101K 60.8 479 5.97 21.9 0.26 11.9 0.98 0.81 114.6 D HS 
BOM960081A 56.3 667 8 26.8 0.2 0.179 1.5 0.88 150 D UC 
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Table 4.6.1. Continued. 

SAMPLE SiO2 Sr Pr La Lu Th Eu Eu* ∑REE Group Suite 
STB951050 56.2 731 7.7 33.4 0.2 1.97 1.1 0.75 154.6 D HS 
STB961020 59.3 857 11.7 57.3 0.2 9.59 1.3 0.76 223.1 D HS 
CHA070109A 48.62 645.3 3.08 11.7 0.15 0.6 0.76 1.02 60.37 E UC 
SPN050295K 47.84 439.4 2.62 9.9 0.17 1.9 0.62 0.86 56.87 E UC 
CHB040196L 50.04 363.9 3.28 12 0.23 1.9 0.86 0.97 69.51 E UC 
SPN070043K 48.14 485.3 4.76 15.6 0.31 0.8 1.5 1.04 95.15 F ES 
SML060154K 53.09 610.4 7.27 25.2 0.26 2.5 1.74 0.98 144.9 F ES 
RKN110029K 57.8 776 7.57 30.6 0.32 3.53 1.78 1.07 156.01 F ES 
MSI110159K 50.6 506 10.35 36.1 0.44 2.11 2.48 0.94 199.58 F ES 
STB981001 52.7 421 6 22.4 0.2 2.5 1.2 1.01 123.2 F ES 
CHB040436K 51.04 560.2 7.39 23.6 0.41 1.8 2.26 1.06 148.11 F ES 
KBK980013K 54 390 6.3 21.7 0.3 1.91 1.4 0.87 130.1 F UC 
MSI110050K 52.1 740 8.74 30.3 0.29 4.63 2.01 0.97 172.31 F UC 
RKN110041K 49.3 743 4.6 18.6 0.15 0.75 1.17 1.25 92.32 F ES 
PEV090081 B 57.08 651.7 6.49 26.6 0.25 2.7 1.56 1.05 135.03 F ES 
PEV090084 B 46.69 729.6 7.01 24.1 0.23 0.9 1.73 1.05 138.85 F ES 
PEV090197 K 48.48 683.8 9.73 32.7 0.27 1.1 2.26 0.96 190.87 F ES 
SPN070026K 52.51 606.4 6.58 24.5 0.38 2.6 1.5 0.94 138.05 F ES 
FHA060084K 45.49 364.2 3.35 8.9 0.38 0.6 1.46 0.99 74.34 G UC 
FHA020007K 47.2 315 1.4 3.5 0.3 0.638 0.7 0.86 34.15 G UC 
BOM950187 49.1 1020 8 35.6 0.1 2.45 1.2 0.88 153.7 US UC 
KBK970028A 64.1 339 6.9 28.4 0.3 7.53 1.2 0.72 146.3 US HS 
MAL702458 56.3 0 0 18.1 0.12 0.58 0 NA 21.36 US UC 
RKN110047K 60.1 652 25.6 147 0.36 6.27 2.69 0.99 533.11 US HS 
BOM950297 44.9 345 2.8 9.2 0.3 0.851 1.1 1.12 63.3 US ES 
TNT020222 46.4 391 2 8.8 0.1 0.648 0.4 1.06 44.9 US ES 
KBK990130K 67.3 259 9.6 31.7 0.5 10 1.6 0.81 174 US HS 
BOM950336 57.5 650 6.9 27.1 0.5 3.13 1.3 0.84 133.2 US HS 
FHM070018A 61.91 818.6 8.85 38 0.04 4.8 1.23 1.05 169.35 US UC 
MAL702415 52 828 5.71 21 0.14 0.51 0.95 0.6 110.83 US HS 
EB92103 58.1 558 NA 39.7 0.32 0.61 5.19 2.5 197.61 REFEDE RefEDE 
EB92070 62 223 NA 51 0.36 3.5 3.24 1.5 133.59 REFEDE RefEDE 
EE92072 63.7 108 NA 29.3 0.49 1.9 2.17 1.01 159.86 REFEDE RefEDE 
EE92073 60.6 196 NA 12.2 0.22 1.1 1.73 1.73 65.79 REFEDE RefEDE 
EE92075 70.6 42 NA 12.2 0.25 1.4 1.3 1.26 65.77 REFEDE RefEDE 
L94033 64.1 273 8.4 29.5 0.51 8.5 0.3 0.12 164.73 REFHAP RefHAP 
L94035 66.7 161 9.7 39 0.64 14.8 1.1 0.48 203.85 REFHAP RefHAP 
J96123 56.7 1080 10.2 45 0.19 2.6 1.1 0.61 202.35 REFHAP RefHAP 
J96124 52.3 1270 6.4 26.4 0.14 0.4 0 NA 125.29 REFHAP RefHAP 
J96127 64.4 83 10.8 43.6 0.45 9.5 1.8 0.74 214.41 REFHAP RefHAP 
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4.4	The	Perthite‐Monzonite	suite	
No unique geochemical signatures have been found to distinguish the Perthite-Monzonite 

suite from the other two. Witschard (1987) concluded that rocks from this suite are mostly 

found in the western part of northern Sweden, close to the Caledonides. Figures 4.3.3 and 

4.2.1 display the lack of data from this area, which could therefore be one possible 

explanation for the absence of a third group reflecting the PMS suite within the geochemical 

analyses. Furthermore, the PMS suite is thought to represent the spreading associated with the 

tectonothermal event responsible for the emplacement of the Haparanda suite (Witschard, 

1987). Hence, even if some samples from the discussed suite are present within the data 

analyzed, they may not differ substantially from the Haparanda suite regarding the REEs and 

trace elements. 
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5.	Conclusion	
Geochemistry, primarily Rare Earth Elements and trace elements is a valid approach to 

separate between and distinguish ultramafic and mafic members of the Haparanda and 

Edefors suite from each other. The main geochemical tracers that have been found for 

separating rocks associated either to the Edefors suite or the Haparanda suite are;  

o Eu/Eu*; where samples of the Haparanda suite often display values well 

below 1. However, samples of the Haparanda suite with values close to 1 have 

also been noted, while the Edefors suite often exhibits values corresponding to 

positive anomalies (>1) 

o Th concentration; the Edefors suite has been found to cluster at low Th 

concentrations, often less than 3 ppm. The Haparanda suite shows variable Th 

concentrations ranging from quite low, approximately 4-5 ppm up to >10 ppm.  

o ∑REE; the total abundance of REE (in ppm) can also be indicative for either 

of the two suites. Uncontaminated samples from the Edefors suite are prone to 

show low concentrations while rocks from the Haparanda suite often show  

higher REEs.  

o Sr/Pr; uncontaminated samples from the Edefors suite are somewhat enriched 

in Sr with relation to Pr. Thus, rocks from this suite often plots at high Sr/Pr-

values while the same enrichment cannot be seen in samples from the 

Haparanda suite.  

Spider plot patterns can give an early estimation of what suite the samples are likely to 

belong to since several of the above mentioned characteristics can be seen within such 

diagrams. However, further circumstantial evidence may also be noted in such plots, 

especially when several samples are analyzed.  

When assigned to suites, the spatial distribution of the analyzed samples seems to 

compare well with the existing geological map. It also falls into agreement with previous 

indication of the distribution of these suites, where the Haparanda suite dominates the 

eastern parts of Norrbotten while the Edefors suite is mainly concentrated in the southern 

region, between the towns of Arvidsjaur and Boden (e.g. Witschard, 1980; Öhlander et al, 

1993). 
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No chemical tracers have been found that allow the Perthite-Monzonite suite to be 

distinguished from the Haparanda and Edefors suites. This could either be due to a lack of 

representative samples from the PMS suite or that the geochemical pattern of the REEs 

and trace elements of the suite are very similar to the geochemistry of the Haparanda 

suite. 

Samples from the Notträsk intrusion clearly show that geochemical patterns indicative for 

the Edefors suite may have been obscured by assimilation of surrounding country rock, 

resulting in elevated Th-concentrations, Eu/Eu*-values of close to 1 and only a minor 

peak at Sr, thus similar to the Haparanda suite. To avoid contaminated samples it is 

important to keep this in mind while sampling such intrusions, where the outermost rim is 

presumably more contaminated than the core. 
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